Purpose: Micro ribonucleic acid (miR) expression is altered in urologic malignancies, including bladder cancer (BC). Individual miRs have been shown to modulate multiple signaling pathways that contribute to BC. We reviewed the primary literature on the role of miRs in BC; we provide a general introduction to the processing, regulation, and function of miRs as tumor suppressors and oncogenes and critically evaluate the literature on the implications of altered miR expression in BC.
Introduction
Micro ribonucleic acids (miRs) are a class of small, conserved, non-protein coding ribonucleic acids (RNAs) that regulate gene expression by controlling translation of target messenger RNAs (mRNAs). Greater than 60% of mammalian mRNAs contain conserved regions that serve as targets for miRs. In addition, 1 mRNA can be the target of multiple miRs, and each individual miR has the capacity to target hundreds of genes, with an average of 500 targets per miR [1] . As of its most recent release in August of 2012, over 2,100 mature miRs were identified in humans and cataloged in the miRBase database [2] . With an emphasis on bladder cancer (BC), this review provides a general introduction to miRs as tumor suppressors and oncogenes and critiques the primary literature published to date on miR expression profiles and the roles of select individual miRs in BC.
Materials and methods
We searched the English language literature for original and review articles in PubMed from 1993 through March 2013, using the terms "microRNA" and "bladder cancer," "transitional cell carcinoma," or "urothelial carcinoma". This search yielded 133 unique articles with more than 85% of them published within the last 3 years. We selected articles for inclusion based on the presentation of miR expression profiling data from human BCs or cell lines (rather than urine or serum), mechanistic validation of miRs identified within observational studies, or discussion of epigenetic regulation of miR expression. We crossreferenced articles for relevant missing reports.
Results and discussion

Introduction to miRs
Biogenesis and mechanism of action of miRs
Approximately 1% of the mammalian genome encodes miRs in the exons or introns of protein-coding genes or intergenic regions, and miRs may be clustered or found in isolation [3] . miRs are processed through multiple steps, starting in the nucleus and continuing in the cytoplasm (Fig. 1) . miRs are first transcribed in the nucleus from introns or exons of protein-coding or non-protein coding RNA genes by RNA polymerase II into long primary transcripts (pri-miRs) of 1 to 3 kilobases. These transcripts are further processed into shorter pre-miRs by the RNA polymerase III Drosha and its cofactor Pasha, which comprise the DiGeorge syndrome critical region gene 8 (DGCR8) complex [3, 4] . (It is noteworthy that alternative mechanisms to miR biogenesis exist that do not require cleavage by Drosha [5] .) Pre-miRs are imperfect hairpins of 70 to 100 nucleotides that are transported by exportin-5 into the cytoplasm where Dicer, another ribonuclease, cleaves the pre-miR hairpin to produce a mature, double-stranded miR of 18 to 25 nucleotides. The mature miR, or guide strand, is preferentially incorporated into an enzyme complex named RNA-induced silencing complex (RISC), which comprises the argonaute proteins (argonaute [1] [2] [3] [4] and the target miR. The passenger strand, in contrast, is usually degraded. The mature miR provides mRNA target recognition for RISC and enables the complex to bind the 3′ untranslated region (UTR) of a complementary target mRNA to its "seed region," which refers to a short sequence of less than 10 basepairs beginning at position 2 to 8 from the 5′ miR that binds to the 3′ UTR of mRNA transcripts. The fate of the target mRNA is determined by the degree of complementarity relative to the miR: a perfect match inhibits translation of the mRNA, which is then eliminated via RISC-mediated destruction, whereas less perfect pairing slows protein translation but preserves the transcript [1] . Both mechanisms ultimately down-regulate target protein expression.
Dysregulation of miRs in cancer
Genomic profiling studies demonstrate that the expression of groups of miRs is reproducibly increased or decreased in specific malignancies. miRs altered in malignancy ("oncomirs") [4] , target either oncogenes or tumor suppressors depending upon the cellular context. In turn, miRs can function as oncogenes or tumor suppressors depending on their relative expression and target. Loss of expression of a tumor suppressor miR through disordered miR processing, epigenetic alteration, or gene mutation or deletion may promote expression of a target oncogene. In contrast, increased expression of an oncogenic miR through amplification or translocation may result in reduced expression of a tumor suppressor.
Although mutations in genomic regions encoding miRs have rarely been detected, miRs are often located at chromosomal breakpoint regions susceptible to translocations, amplifications, or deletions [6] . In addition, mutations in mRNA target regions of a miR may alter miR affinity for target transcripts or block binding altogether. miRs are often located near CpG islands or shores that may be silenced via methylation, an epigenetic phenomenon that has been documented in BC [7] . Alterations in the miR processing machinery, such as defects in Dicer or Drosha activity, may also result in dysregulated miR expression, and this has been documented in BC [8] . Finally, genetic variants of miR-related genes in the form of single nucleotide polymorphisms have been shown to increase the risk of developing multiple malignancies, including BC [9] .
3.1.3. miR isolation, profiling, and target identification mRNA is often chemically modified and fragmented in formalin-fixed paraffin-embedded samples making it difficult to quantify. In contrast, miRs are better able to withstand tissue processing because of their smaller size [10] . The study of miRs and their effect on gene regulation involves miR expression profiling and miR target identification. miR expression is commonly measured using either reverse transcription coupled with real-time quantitative polymerase chain reaction (RT-qPCR) or commercially available miR microarray platforms. Recent work has addressed the lack of reference miRs for RT-qPCR expression studies in BC and provides the first recommendation for suitable BC miR gene reference signatures for normalization, specifically (miR-148b, miR-181b, and miR-874) or (miR-101, miR-125a-5p, miR-148b, and miR-151-5p) [11] .
Target identification for miRs of interest is a significant challenge in this rapidly growing field owing to the volume of new information, evolving nomenclature, and the fact that miRs bind targets with partial rather than complete complementarity. miR databases, such as TargetScan [12] , search for target identification based on a smaller "seed" region in contrast to NCBI BLAST, which solely relies on complete complementarity to identify a target. Because small sequences occur more frequently in the genome and because miR binding tolerates some degree of mismatch, miR target identification is an inexact science. Although it is beyond the scope of this review, a comprehensive evaluation of Web-based databases of miR sequences and targets was recently published [13] . Experimental in vivo validation of miR targets is essential given that in silico prediction algorithms are imperfect. Confirmation of miR-mRNA interactions is most commonly performed by increasing or decreasing miR levels under a controlled set of experimental conditions and then assaying mRNA levels with mRNA expression arrays. Other methods of confirmation include correlation of miR levels and that of their predicted target genes by in situ hybridization and RT-qPCR.
Role of miRs in BC
MiR expression is altered in urologic malignancies and modulates multiple potentially oncogenic pathways. The majority of miR studies to date in BC consist of profiling experiments that yield a descriptive picture of dynamic expression changes across stage and grade. Working within the established paradigm of low-grade, non-muscle invasive BC (NMIBC) and high-grade, muscle-invasive BC (MIBC) [14] , most of these experiments have compared miR expression in normal bladder tissue vs. NMIBC or MIBC. An increasing number of studies report the changed expression and predicted function of individual miRs, though few have been independently validated. So far, a complex network of interactions is emerging that implicates novel mechanisms of gene modulation in BC pathogenesis. However, a comprehensive understanding of the role of miRs is still required to reconcile apparently conflicting changes in miR expression in BC.
Comparative expression profiling in BC
MiRs known to be dysregulated in BC are predicted to target signal transduction pathways most highly implicated in the pathogenesis of BC, specifically fibroblast growth factor receptor 3 (FGFR3) and p53 [15] (Tables 1 and 2 ). Nearly 80% of papillary or NMIBCs are characterized by mutation or overexpression of the fibroblast growth factor receptor (FGFR3) gene. In contrast, MIBCs rarely harbor FGFR3 alterations. Instead, nearly 60% of these invasive tumors exhibit p53 mutations [16] .
Catto et al. [17] were among the first to report distinct profiles of miR expression between NMIBC and MIBC. They measured the expression levels of 322 miRs in 6 BC cell lines, 20 normal bladder samples, and 52 bladder tumors (23 low-grade NMIBC, 12 high-grade NMIBC, and 18 MIBC) using a microarray platform. NMIBC tumors demonstrated down-regulation of miR-99a, miR-100, miR-101, and miR-145 compared with MIBC. miR-99a and miR-100 were experimentally validated to target FGFR3, and expression of either of these miRs would be predicted to result in increased expression of FGFR3 in NMIBC. Thus, FGFR3 expression may be increased in the absence of FGFR3 mutation or copy number gain. Catto et al. [17] also discovered that miR-21, which down-regulates the p53 pathway in glioblastoma cells [18] , and miR-373, which promotes prometastatic pathways in multiple tumor types [19] , were among the most up-regulated in MIBC. These findings are consistent with the current model of BC oncogenesis in which oncogene activation is associated with NMIBC and tumor suppressor gene inactivation with MIBC.
Catto et al. [17] found generalized down-regulation of miRs in NMIBC compared with normal bladder urothelium, whereas MIBC demonstrated increased expression. An earlier report by Gottardo et al. [20] also noted upregulation of miRs in BCs compared with normal urothelial tissue (specifically miR-17-5p, miR-23a/b, miR-26b, miR-103-1, miR-185, miR-203, miR-205, miR-221, and miR-223; 1.2-fold change cutoff; P o 0.05), though they combined both NMIBC and MIBC in their analysis. In contrast with Gottardo et al. [20] , Catto et al. [17] revealed more alterations were shared between high-grade NMIBC and MIBC than between low-grade and high-grade NMIBC tumors, suggesting that despite the lack of muscle invasion, high-grade NMIBC may warrant aggressive therapy, similar to the approach used for MIBC. In addition, some miR aberrations identified in MIBC may occur earlier in the spectrum of disease. Baffa et al. [21] demonstrated additional differences in miR expression between paired primary MIBC and metastatic lymph nodes. They profiled 10 primary BCs and paired lymph nodes using a miR microarray of 326 human miR genes and RT-qPCR confirmation and observed reduced expression of miR-143, miR-145, and miR-320 and increased expression of miR-10b, miR-29b, and miR-142-5p in primary tumors compared with metastases. Thus, miR expression becomes progressively deranged as urothelial cells develop an invasive and then metastatic phenotype.
Given the differences in miR expression between NMIBC and MIBC, attempts have been made to define a miR expression profile that can accurately classify pathologic stage [22] [23] [24] . However, a consistent signature has yet to be identified, likely because of tissue heterogeneity and differences in experimental methods. Recent works from Veerla et al. and Neely et al. illustrate how differences in methodology may result in disparate findings from independent groups. Veerla et al. [22] measured the expression of 300 miRs in a panel of 34 BC tumors (7 Ta, 10 T1, and 17 T2/3; 10 low grade [grade G1 and G2] and 24 high grade [G3]) using the Illumina microRNA Expression Profiling Assay based on the miRBase release 9.0 and then updated the miR targets of the probe set for miRBase release 11.0. Using a hierarchical cluster analysis, they identified an expression profile of 51 miRs that was able to distinguish between Ta, T2, and T2-T3 tumors with 82% concordance between pathologic stage and cluster assignment. miR-10a had high expression in Ta tumors, and miR-125b and miR-222 had increased expression in T2-T3 tumors.
In contrast, the group led by Summerhayes found that a ratio of miRs not identified by Veerla was able to discriminate between MIBC and NMIBC [24] . Using a panel of 2 invasive and 2 noninvasive human BC cell lines, they measured differences in expression of 343 miRs and subsequently defined a ratio of miR-21 to miR-205 that identified invasive cell lines in a larger panel of 14 different BC cell lines. When applied to a set of 53 bladder tumor samples (28 non-muscle invasive tumors and 25 muscleinvasive tumors), the ratio demonstrated higher miR-21: miR-205 ratio for invasive vs. noninvasive tumors with 100% sensitivity and 79% specificity. In a follow-up study, they validated the utility of the miR-21:miR-205 ratio in an independent cohort of 57 bladder tumor samples [23] .
Importantly, the miR-21:miR-205 ratio identified by Summerhayes' group was based on expression in cell lines with in vitro invasive properties rather than being derived from muscle-invasive tumors [23, 24] , which may explain why Veerla et al. [22] did not observe the same discriminatory ability of these miRs in their work. Additional discrepancies in methodology included the definition of noninvasive tumors; Veerla et al. combined Ta with T1 tumors in their noninvasive cohort and 94% of the tumors were G2-G3, whereas Summerhayes' group restricted noninvasive tumors to Ta and 100% were G1. Furthermore, findings were confirmed by RT-qPCR by Summerhayes et al. whereas this was not performed by Veerla et al.
The differences between these studies highlight some of the ways in which seemingly similar experiments may arrive at disparate conclusions that limit the applicability of the work. Furthermore, they illustrate the importance of confirming the results of microarray studies with a second technology, such as RT-qPCR, and validating the results in an external cohort. While these points are relevant for all biomarker studies, they are of particular concern for miRs; as the field is still young, these early reports will provide the framework for future experimental designs.
Deep sequencing in BC
Comprehensive deep RNA sequencing is an alternative to microarray-based technology that has been utilized to identify miR species that distinguish benign and malignant bladder tissue. This approach allows for the measurement of absolute abundance of a miR rather than relative levels and has the additional benefit of revealing novel sequences not detected by microarrays. Han et al. [25] were the first to use high-throughput deep sequencing to generate genome-wide miR expression profiles of 9 pairs of MIBC (5 low grade, 4 Bolded targets have been validated in the listed references. Otherwise, top 5 putative targets predicted based on sequence homology using TargetScan [12] . "n/a" miR not annotated in TargetScan, release 6.2. a miR has been shown to be both increased and decreased in BC. b miR change identified in T2-4 tissue compared with Ta. c miR change identified in T2-4 tissue compared with Ta and normal urothelium. Bolded targets have been validated in the listed references. Otherwise, top 5 putative targets predicted based on sequence homology using TargetScan [12] . "n/a" miR not annotated in TargetScan, release 6.2. a miR has been shown to be both increased and decreased in BC. b miR change identified in T2-4 tissue compared with Ta. c miR change identified in T2-4 tissue compared with Ta and normal urothelium. * Indicates the miR is expressed in lower levels than the miR on the opposite arm of the pre-miR hairpin.
high grade) and adjacent matched histologically normal bladder urothelium. Similar to the microarray-based findings of Catto et al. [17] and Gottardo et al. [20] , they noted that up-regulated miRs were more common than downregulated sequences in MIBC. miR-96 was identified as the most significantly up-regulated miR, and miR-490-5p was the most significantly down-regulated miR. Wang et al. [26] confirmed increased expression of miR-96 in BC compared with normal tissue and demonstrated that this miR species increased cellular proliferation and invasion in the human BC cell line T24, possibly through induction of IRS1, a protein involved in insulin signaling, and MAP4K1, which belongs to the STE/Ser/Thr protein kinase family and mediates growth regulation and environmental stress response.
Han et al. [25] also identified clusters of miRs that were significantly up-regulated in BC, specifically clusters miR-96, miR-182, and miR-183 (chromosome 7); miR-200b and miR-429 (chromosome 1); miR-200c and miR-141 (chromosome 12); and miR-17 and miR-92 (chromosome 13). In addition, a cluster on chromosome 5 encoding miR-143 and miR-145 was significantly down-regulated. The similar coexpression patterns of these miRs within a cluster suggest common regulatory factors or cooperative roles that may contribute to the pathogenesis of BC. In contrast, Wszolek et al. [23] reported down-regulation of miR-200a/b/c and miR-141. However, these results were from invasive immortalized BC cell lines growing in vitro and may not be representative of in vivo tumors. Strengths of the work by Han et al. [25] include the use of human tumor tissue that was immediately snap frozen in liquid nitrogen at the time of resection and validation of results using RT-PCR. Han et al. went on to combine their miR expression data from BC with similar whole-genome expression profiling of clear cell renal cell carcinoma and testicular germ cell tumors to demonstrate cancer-specific miR alterations, as well as a more limited number of common miR changes, including reduced expression of the miR-199a/b across all 3 tumors [56] .
Functional validation of miRs identified in expression analyses
Functional validation studies are essential to confirm the findings of any method of expression analysis. Ichimi et al. [28] identified 27 miRs that were differentially expressed in 14 BCs, including NMIBC (pTa) and invasive (4pT1) cases, compared with normal bladder tissue and confirmed these results in a larger cohort of 104 patients with BC and 31 individuals with normal bladders. Subsequent work by this group has validated these findings and demonstrated functional implications in BC. Using TargetScan, Chiyomaru et al. [29] determined that miR-133a and miR-145 contain target sequences for fascin homologue 1 (FSCN1), a protein that organizes actin and is involved in cell motility in BC, and functional studies revealed that each miR decreased the mRNA and protein expression of FSCN1.
They also demonstrated that transient transfection of BC cell lines with miR-133a, miR-1, and miR-218, reduced the expression of mRNA and protein levels of LIM and SH3 protein 1 (LASP1), an actin-binding protein, and reduced cell viability [30] . This group showed that miR-1 and miR133a target the genes encoding transgelin 2 (TAGLN2), a protein with unknown function but an observed clinical correlation with BC tumor grade [31] , as well as prothymosin-α (PTMA), which is involved in cellular proliferation and differentiation, and purine nucleoside phosphorylase (PNP), an enzyme that catalyzes phosphorolysis of purine nucleosides and when deficient results in impaired cell-mediated immunity [32] . In addition, they reported that miR-1 may mediate apoptosis through inhibition of splicing factor arginine/serine-rich 9 (SRSF9/ SRp30s) [33] and that miR-133a induces apoptosis via regulation of glutathione S-transferase π1 (GSTP1) where transfection of cell lines with miR-133a reduced mRNA and protein expression levels of GSTP1 [27] .
Orntoft's group investigated the down-regulation of miR-145 in invasive and in situ carcinomas compared with normal urothelium. Expression of this miR resulted in caspase-dependent and caspase-independent apoptosis in BC cell lines, and the same miR was down-regulated in Ta bladder tumors, thus supporting its role as a likely tumor suppressor [34] . Further, they showed that the miR-143/-145 cluster directly suppressed the proto-oncogene plasminogen activator inhibitor-1 (PAI-1), an enzyme that inhibits apoptosis in vitro and promotes angiogenesis and cell proliferation. They also demonstrated that expression of the miR-143/-145 cluster was inversely related to PAI-1 expression across the spectrum of superficial to muscleinvasive bladder tumors [35] . These results may help build a case for the prognostic use of these miRs to assess the risk of progression in patients with noninvasive and minimally invasive tumors.
In addition to miR-145, Dyrskjot et al. [36] also identified miR-129 as a possible prognostic marker. Putative miR-129 targets included GALNT1, a protein involved in signaling of transforming growth factor-β and known to be increased in BC, and SRY-related HMG-box 4 (SOX4), which is located next to the E2F3 oncogene that is critical for the G1/S transition and is implicated in the pathogenesis of BC as a target of miR-125 [37] . Although the exact function of SOX4 remains unknown, it has been shown to activate the p53 pathway in the setting of deoxyribonucleic acid (DNA) damage [38] , and increased SOX4 expression correlates with improved overall survival [39] . In support of these findings, transfection of T24 and SW780 BC cell lines with miR-129 suppressed growth and induced apoptosis [36] .
More recent publications have assessed the prognostic role of miR expression in BC. Pignot et al. [40] used RT-PCR to identify a signature of 3 miRs (miR-9, miR-182, and miR-200b) that were associated with MIBC recurrencefree and overall survival from within a larger set of 15 miRs found to be deregulated in a cohort of 166 patients with bladder tumors (86 NMIBC and 80 MIBC) and 11 individuals with normal bladders. Using Rosetta Genomics' miR expression profiling platform and microdissection of tumor tissue, Rosenberg et al. [41] measured expression in 108 patients with NMIBC and 29 patients with MIBC for whom clinical data were available. They identified miR29c * as the most differentially expressed miR between NMIBC tumors that eventually progressed to MIBC and those that did not, with increased expression associated with improved prognosis. This miR is known to reduce expression of DNA methyltransferase in methothelioma [42] , and thus reduced levels of miR-29c * may lead to aberrant methylation patterns in BC.
Alterations in miR expression
Catto et al. [17] revealed changes in components of the miR processing machinery with up-regulation of Dicer and Drosha in normal urothelium from tumor-bearing bladder but reduced expression in tumors. Furthermore, rather than correlating with the expression of individual miRs, suppressed miR processing caused global rather than specific alterations in miR expression. Recently, a second group demonstrated significantly reduced Dicer mRNA expression in BC compared with paired normal adjacent urothelial tissue and normal bladder samples [8] . In contrast, Han et al. [43] reported increased expression of Dicer, Drosha, and Exportin-5 in BC, with higher expression correlating with increased tumor grade. This finding provides a potential mechanism for their previous work that demonstrated increased miR levels in BC compared with normal tissue [25] . Therefore, conflicting data exist regarding whether miR processing machinery is increased or decreased in BC. Furthermore, altered RNA polymerase II affinity for miR transcripts, potentially owing to reduction in transcription factors, could theoretically alter miR expression despite up-regulation of the miR processing machinery.
In addition to changes in miR processing, copy number alteration of miR genes could have profound implications on miR expression. Lamy et al. [44] reported that miRs in BC are overrepresented in regions of copy number loss. Tatarano et al. [45] demonstrated that deletion of 4p15.31, which is commonly observed in BC cell lines, results in the loss of tumor suppressor miR-218, and restoration of miR-218 expression inhibits BC proliferation, migration, invasion, and apoptosis. Likewise, one could hypothesize that copy number gain of an oncomir could promote BC oncogenesis.
Epigenetic silencing of miRs via hypermethylation of CpG shore regions has been documented in BC [7] , though some have reported that the genome-wide methylation patterns between BC and normal adjacent tissue are similar [46] . Saito et al. [47] showed that tumor suppressor miR-126, which was down-regulated in cell lines and BC, could be up-regulated in cell lines by DNA methylation and histone deacetylation inhibitors. Similarly, Yoshitomi et al. [48] demonstrated that restoration of expression of the tumor suppressor miR-517 in BC cell lines with the demethylating agent 5-aza-2′-deoxycytidine induced apoptosis. Furthermore, hypermethylation of miR-1224 correlated with BC tumor grade, stage, and prognosis, and raises the potential for a novel therapeutic approach with hypomethylating agents in this disease [7] .
Epithelial vs. mesenchymal differentiation
Cancer cells, even those arising in epithelial compartments such as the urothelium, differ in their degree of epithelial vs. mesenchymal differentiation. Mesenchymal differentiation has been linked with increased ability of cancer cells to invade, migrate, and metastasize [49] . Mesenchymal cancer cells lose cellular polarity and adhesion, a phenomenon that has been implicated in the pathogenesis of MIBC [50] . On a molecular level, mesenchymal differentiation is associated with the expression of a variety of transcription factors including Twist, ZEB-1, and ZEB-2; loss of the adhesion protein E-cadherin; and increased expression of matrix metalloproteinases. The tumor suppressor p53 suppresses ZEB-1 and ZEB-2 via p53-induced up-regulation of miR-200 and miR-192 [51] . The miR-200 family (miR-200a, -200b, -200c, -141, and -429) can promote epithelial differentiation across a spectrum of cancers [38] , and multiple reports link this family of miRs to mesenchymal differentiation and BC. For example, stable expression of miR-200 in the high-grade BC cell line UMUC3 yielded decreased expression of ZEB-1/2, increased E-cadherin expression, and reduced cell migration [52] . Furthermore, sensitivity of this cell line, as well as T24 and UMUC5, to epidermal growth factor receptor inhibitor was enhanced by forced miR-200 expression. The regulation of miR-200 family and miR-205 expression in MIBC appears to occur through coordinated promoter CpG hypermethylation and repressive chromatin marks [53] . Expression of these miRs is inversely correlated with Twist expression, but interestingly no target sequences for miR-200 or miR-205 binding are found on Twist1 mRNA. Therefore, this transcription factor may globally repress the miR-200 family rather than individual members. In addition to its potential effects on Twist, increased miR-200c expression correlates with reduced migration and invasion of invasive BC cell lines and loss of ZEB-1 expression, consistent with the role of ZEB-1 in promoting mesenchymal differentiation [54] .
Conclusion
The field of miR research has advanced significantly within the last decade, and more recent investigations are focusing on the role of miRs in BC. Aberrations in miR expression identified in NMIBC and MIBC support and provide insight into molecular alterations known to distinguish the 2 parallel pathways of bladder carcinogenesis. miRs that target the FGFR3 pathway, specifically miR-99a, miR-100, miR-101, and miR-145, are among the most altered in non-muscle invasive disease with reduced expression. In contrast, miRs predicted to target p53, including miR-21 and miR-373 are the most up-regulated in MIBC, and p53 suppresses transcriptional factors that promote mesenchymal differentiation, ZEB-1 and ZEB-2, through regulation of the miR-200 family. The discovery of additional changes in miR expression in BC may ultimately expand what is known about molecular drivers of BC pathogenesis outside of the FGFR3 and p53 pathways. A number of questions remain regarding factors that regulate miR expression, including changes in miR processing machinery and potentially dynamic alterations in response to stressors such as chemotherapy. So far, a complex network of interactions is emerging that implicates novel mechanisms of gene modulation in BC. It is hoped that better understanding of these mechanisms will lead to unique opportunities for the development of diagnostic biomarkers and targeted therapy across the spectrum of BCs.
